I investigate the role of nonrenormalizable terms, up to order N=8, in a superstring derived standard-like model. I argue that nonrenormalizable terms restrict the gauge symmetry, at the Planck scale, to be SU(3)×SU (2) to all orders of nonrenormalizable terms. I discuss the Higgs and fermion mass spectrum. I demonstrate that realistic, hierarchical, fermion mass spectrum can be generated in this model.
Introduction
Superstring theories [1] are believed to provide a consistent framework for the unification of all the known fundamental interactions. The superstring unification scale is at the Planck scale. At the electroweak scale the Standard Model is in good agreement with experimental observations. However, the Standard Model, and point field theories in general, leave many problems unresolved. Among them, the origin of the number of generations, the origin of Yukawa couplings and their hierarchy, quantum gravity, etc. These problems find natural solutions in superstring theories. Thus, an extremely important task is to connect the superstring with the Standard Model.
Two approaches can be pursued to derive the Standard Model from the superstring. One is to use a GUT symmetry at an intermediate energy scale. Many attempts have been made in this direction and most notable are the flipped SU(5) [2, 3] and the SU(3) 3 models [4] . The second approach is to derive the Standard Model directly from the superstring without any non-abelian gauge symmetry at an intermediate energy scale [5, 6, 7, 8, 9] . In refs. [7, 8, 9] realistic standard-like models were constructed in the free fermionic formulation [10] , with the following properties:
1. Three and only three generations of chiral fermions. There are no additional generations and mirror generations which presumably get massive at a high scale.
This property of the standard-like models leads to an unambiguous identification of the different generations.
The gauge group is SU(3)
n reduces to one or zero after application of the Dine-Seiberg-Witten (DSW) mechanism. The U(1) Z ′ = 1 2 U(1) B−L − 2 3 U(1) T3 R combination may be broken at the Planck scale, by the DSW mechanism. If it remains unbroken down to low energies, it results in a gauged mechanism to suppress proton decay from dimension four operators [11, 12] .
3. There are enough scalar doublets and singlets to break the symmetry in a realistic way and to generate realistic fermion mass hierarchy [8, 9] . 4 . Proton decay from dimension four and dimension five operators is suppressed due to gauged U(1) symmetries [9] .
5. These models suggest an explanation for the top-bottom mass hierarchy. At the trilinear level of the superpotential, only the top quark gets a non vanishing mass term. The mass terms for the bottom quark and for the lighter quarks and leptons are obtained from nonrenormalizable terms. Thus, only the top quark mass is characterized by the electroweak scale and the masses of the lighter quarks and leptons are naturally suppressed [8, 9] . The top-bottom mass hierarchy is correlated with the requirement of a supersymmetric vacuum at the Planck scale [7, 8, 9] .
In this paper I examine the role of nonrenormalizable terms in these models.
For finiteness, I focus on the model of Ref. [7] . Nonrenormalizable terms are expected to play an important role in the low energy phenomenology of these models. I show that because of nonrenormalizable terms the favored observable gauge symmetry at the Planck scale is SU(3) C × SU(2) L × U(1) B−L × U(1) T3 R . I
show that in this case the solution to the cubic level F and D flatness constraints is obeyed to all orders. In contrast if the gauge symmetry is broken directly to the Standard Model, at the Planck scale, the cubic level constraints are violated by higher order terms. Moreover, I illustrate that breaking of the gauge symmetry directly to the Standard Model may induce dimension four operators which mediate rapid proton decay. I suggest that these considerations restrict the possible gauge symmetry at the Planck scale to be
Furthermore, they may nessecitate the existence of an additional neutral gauge boson at low energies, with U(1)
I discuss the Higgs and fermion mass matrices in this model. I show that this model can generate realistic, hierarchical fermion mass spectrum.
The paper is organized as follows. In section 2, I review the model and its symmetries. I discuss the rules for obtaining the non vanishing nonrenormalizable terms and emphasize the special properties of the standard-like model which simplify the analysis. In section 3, I discuss the F and D flatness constraints. In sections 4 and 5, I discuss the implications of nonrenormalizable terms on proton decay and on the fractionally charged states. In sections 6 and 7, I discuss the Higgs and fermion mass matrices. Section 8 concludes the paper.
The superstring model
The superstring model is constructed in the free fermionic formulation [10] . The model is generated by a basis of eight boundary condition vectors. The first five vectors in the basis consist of the NAHE 2, 16, 9] . This set is common to all the realistic models in the free fermionic formulation [2, 6, 14, 7, 8, 9] .
The important functions of the NAHE set are emphasized in Ref. [16, 9] . The three vectors that extend the NAHE set and the choice of generalized GSO coefficients are given in table 1. The notation in the table emphasizes the division of the internal fermions according to their division by the NAHE set. In particular, it emphasizes the division and assignment of boundary conditions to the set of real 6) . The boundary conditions for this set of internal fermions determine many of the properties of the low energy spectrum [9] .
The gauge group after application of the generalized GSO projections is
The weak hypercharge is uniquely given by
In the observable sector there are six horizontal U(1) symmetries. The first three, U(1) j (j = 1, 2, 3), correspond to the right-moving world-sheet currentsη 1η ȳ 3ȳ6 ,ȳ 1ω5 andω 2ω4 , respectively. For every right-moving U(1) symmetry correspond a left-moving global U(1) symmetry. The first three correspond to the charges of the supersymmetry generator χ 12 , χ 34 and χ 56 . The last three, U(1) ℓj+3 (j = 1, 2, 3), correspond to the complexified left-moving fermions y 3 y 6 , y 1 ω 5 and ω 2 ω 4 . Finally the model contains six Ising model sigma operators which are obtained by pairing a left-moving real fermion with a right-moving real fermion,
The full massless spectrum is analyzed by using a FORTRAN program. The 
, where
with charges under the six horizontal U(1)s.
From the sector b 1 we obtain
and from the sector b 3
The vectors b 1 , b 2 and b 3 are the only vectors in the additive group Ξ that produce spinorial 16 of SO(10) . This is in contrast to the case in which the SO(10) symmetry is broken to SU(5) × U(1) [2] or to SO(6) × SO(4) [14] . There the massless spectrum contains additional 16 and16 multiplets. The fact that there are exactly three generations, without any extra generations and mirror generations, is unique to the choice of SU(3) × SU(2) × U(1) C × U(1) L as the observable gauge symmetry at the level of the spin structure. This property of the standard-like models leads to an unambiguous identification of the hierarchical generations. Electroweak doublets and singlets: 
The sectors b i + 2γ + (I) (i = 1, .., 3) give vector representations which are Table 1 ). The vectors with some combination of (b 1 , b 2 , b 3 , α, β) plus γ + (I) (see Table 2 ) give representations which
Some of these states carry fractional charges
. There are no representations that transform nontrivially both under the observable and hidden sectors. The only mixing which occurs is of states that transform nontrivially under the observable or hidden sectors and carry U (1) charges under the hidden or observable sectors, respectively.
The non vanishing trilevel terms in the superpotential of the model are 
where a common normalization constant √ 2g is assumed.
Nonrenormalizable contributions to the superpotential are obtained by calculating corralators between vertex operators
where
are the fermionic (scalar) components of the vertex operators. The non vanishing terms are obtained by applying the rules of Ref. [15] . To obtain the correct ghost charge some of the vertex operators are picture changed by taking
where T F is the super current and in the fermionic construction is given by
with
Several observations simplify the analysis of the potential non vanishing terms.
First, it is observed that only the T +1 F piece of T F contributes to A N [15] . Second, in the standard-like model the pairing of left-moving fermions is y 1 ω 5 , ω 2 ω 4 and y 3 y 6 . One of the fermionic states in every term y i ω i (i = 1, ..., 6) is complexified and therefore can be written, for example for y 3 and y 6 , as
).
Consequently, every picture changing operation changes the total U(1) ℓ = U(1) ℓ4 + U(1) ℓ5 + U(1) ℓ6 charge by ±1. An odd (even) order term requires an even (odd) number of picture changing operations to get the correct ghost number [15] . Thus, for A N to be non vanishing, the total U(1) ℓ charge, before picture changing, has to be an odd (even) number, for even (odd) order terms, respectively. Similarly, in every pair y i ω i , one real fermion, either y i or ω i , remains real and is paired with the corresponding right-moving real fermion to produce an Ising model sigma operator.
Every picture changing operation changes the number of left-moving real fermions by one. This property of the standard-like model significantly reduces the number of potential non vanishing terms.
F and D constraints
The massless spectrum of the superstring model contains six anomalous U (1) symmetries. Of the six anomalous U(1)s only five can be rotated by an orthogonal transformation and one combination remains anomalous. The six combinations can be taken as [7] 
If such a direction exists, it will acquire a VEV, canceling the anomalous D-term, restoring supersymmetry and stabilizing the vacuum [17] .
Since the fields corresponding to such a flat direction typically also carry charges for the non anomalous D-terms, a non trivial set of constraints on the possible choices of VEVs is imposed. It is, in general, a non trivial problem to find solutions to the set of constraints.
The set of constraints is summarized in the following set of equations,
where χ k are the fields that get a VEV and Q j k is their charge under the U(1) j symmetry. The set {η i } is the set of fields with vanishing VEV.
In the standard-like models the solutions to the set of F and D constraints divide into two kinds of solutions. Solutions which break U(1) Z ′ and those which do not.
Only the Neveu-Schwarz sector and the b 1 + b 2 + α + β sector produce SO (10) singlets with negative Q A . Therefore, only these sectors contribute to solutions which keep both U(1) Y and U(1) Z ′ unbroken at the Plank scale. For solutions which break U(1) Z ′ , the states from the sectors b 1,2 + b 3 + α + γ ± (I), and the states {N 1 , N 2 , N 3 } from the sectors b 1 , b 2 and b 3 , can obtain a VEV as well. These states have vanishing weak hypercharge but non vanishing U(1) Z ′ charge.
The F flatness conditions derived from the cubic superpotential arē For solutions which do not break U(1) Z ′ , H = 0. Therefore, the choice
satisfies the cubic level F constraints. I also impose Φ 23 ,Φ 45 = 0. In this case the set of cubic level F constraints reduces to
where W is the cubic superpotential and summation on repeated indices is implied.
I now turn to discuss the implication of nonrenormalizable terms on the cubic level F flatness constraints. The order N terms that have to be investigated are of the form
where ( (1) ℓ3 . The conclusion is that all these terms vanish identically to all orders.
Thus, in models with
at the Planck scale the cubic level F flatness solution is valid to all orders of nonrenormalizable terms.
I now turn to show that in models with broken U(1) Z ′ , at the Planck scale, the cubic level solution is violated by higher order terms. As an illustrative example I take the solution that was found in Ref. [7] . With the set of non vanishing VEVs, 
This set breaks the observable gauge symmetry to SU ( The number of flat directions is larger than the number of constraints. Therefore, the solution to the F and D constraints is not unique. However, once a specific choice has been made, the phenomenology of the model is determined. In what follows bellow I focus on one illustrative example. An explicit solution which satisfies all the F and D constraints is given by the following set of non vanishing VEVs
Dimension four operators
In this section I show that nonrenormalizable terms induce effective dimension four operators which may result in rapid proton decay. It is well known that the most general supersymmetric standard model gives rise to dimension four opera-tors, which induce rapid proton decay,
where generations indices are suppressed. If η 1 , η 2 are of O (1), the proton will decay instantly. These dimension four operators are forbidden if the gauge symmetry of the Standard Model is extended by an additional U(1) gauge symmetry which is a combination of B −L, baryon number minus lepton number, and T 3R [2] . This U (1) symmetry is exactly the U(1) Z ′ which is derived in the superstring standard-like models. The dimension four operators may still appear from the nonrenormalizable terms,
where Φ is a combination of fields that fixes the string selection rules [3] and gets a VEV of O(m pl ), and N C L is the Standard Model singlet in the 16 of SO (10) . Thus, the ratio
controls the rate of proton decay. In the standard-like model, the following non vanishing terms appear at order N = 6,
In section 7, I will show that the states in G 3 have to be identified with the lightest generation. From Eqs. (20) and (21) it is evident that if any of N 1 , N 2 or N 3 gets a Planck scale VEV, dimension four operators are induced, which result in rapid proton decay. Thus, we conclude that N 1 , N 2 , N 3 ≡ 0 at the Planck scale.
Moreover, since the coefficients in front of the terms in Eqs. (21) are expected to be of order one [15] , a possible VEV for N 1,2,3 has to be well below the GUT scale.
This result, combined with the result of the previous section, show that models with an SU(3) × SU(2) × U(1) B−L × U(1) T3 R observable gauge symmetry, at the Planck scale, are favored over models with SU(3) × SU(2) × U(1) Y .
Fractionally charged states
The massless spectrum of the superstring model contains the following singlet states with fractional charge ± 
These states do not transform under any of the non abelian gauge groups in the model. Therefore, they are not confined by any non abelian gauge symmetry.
While many experimental searches for fractional charges have been conducted, no reported observation of a fractionally charged state has ever been confirmed and there are upper bounds on the abundance of any such particle in the range of 10 −19
to 10 −26 [18] of the nucleon abundance for charges between 1 3 and 1. This may be a fundamental property of nature or merely an accidental property of the low energy spectrum that we have been able to observe so far. Indeed, fractionally charged particles may exist provided they are sufficiently heavy or sufficiently rare.
In the superstring standard-like model the following mass terms for the fractionally charged states are obtained from nonrenormalizable terms,
From Eq. (23b) 
is O(M 2 P l ). Therefore this term is an effective mass term for H 29 H 30 by the VEV of Φ 12 .
This result illustrates that all the fractionally charged states are expected to decouple from the low energy spectrum. Since all the fractionally charged states appear in vector-like representations this result is expected. The exact mass scales can only be determined by resolving the problem of supersymmetry breaking in these models.
Higgs mass matrix
The light Higgs spectrum is determined by the massless eigenstates of the doublet Higgs mass matrix. The doublet mass matrix consists of the terms h ihj Φ n , and is defined by h i (M h ) ijhj , i, j = 1, 2, 3, 4 where h i = (h 1 , h 2 , h 3 , h 45 ) and h 2 ,h 3 ,h 45 ) . At the cubic level of the superpotential the Higgs doublets mass matrix is given by,
The matrix M h is diagonalized by SM h T † where S and T are two unitary matrices and (
The h andh mass eigenstates are obtained by evaluating the eigenvalues and 
The h mass eigenstates are given by
and theh mass eigenstates are given bȳ 
Equations (25), (26) and (27) do not make a specific assumption as to what are the exact light eigenstates, but rather assume that the light pairs may contain any of the states that remain light at the cubic level. The purpose in doing so is to try to learn general properties of the light spectrum rather than details which depend on specific choices of flat directions. From equations (26) and (27) 
Fermion masses
One of the most fundamental problems in high energy physics is the origin and hierarchy of the fermion masses. In this respect the Standard Model, and point field theories in general, can only be considered as successful attempts to parameterize the observed mass spectrum. Superstring theory gives a unique framework to understand the fermion mass hierarchy in terms of symmetries which are derived in specific models, unlike point field theories where the symmetries have to be imposed by hand. Therefore it is important to examine the structure of the fermion mass matrices in specific superstring models [19] .
The class of superstring standard-like models is an especially restrictive class of models in which the fermion mass spectrum can be examined. A unique property of the standard-like models is the possible connection between the requirement of a supersymmetric vacuum at the Planck scale, via the DSW mechanism, and the heaviness of the top quark relative to the lighter quarks and leptons. The only standard-like models which admit a solution to the set of F and D constraints are models in which only + 2 3 charged quarks obtain trilevel Yukawa couplings. Application of the DSW mechanism leaves a trilevel mass term only to the top quark. The mass terms for the lighter quarks and leptons must come from higher order, nonrenormalizable, terms. These terms become effective mass terms for the lighter quarks and leptons by applying the DSW mechanism, and are naturally suppressed relative to the trilevel top Yukawa coupling. A second property, unique to the standard-like models, is the fact that the massless spectrum contains only three light generations. There are no extra generations and mirror generations which become superheavy at some high scale. This property of the standard-like models eliminates the ambiguity in the identification of the different generations that exist in other realistic superstring models [2, 14] .
The top quark mass term is obtained from λ t u 1 Q 1h1 . At the quartic level there are no potential mass terms for the quarks and leptons. At the quintic level, the following mass terms are obtained
At this level potential mass terms for the heaviest down quark and charged lepton are obtained,
From the solution to the F and D constraints |Φ 
Conclusions
In this paper I examined several aspects of nonrenormalizable terms is a super- The most important function of nonrenormalizable terms is in generating the hierarchy of the fermion mass spectrum. This function of nonrenormalizable terms is the fingers print of specific superstring models. The origin of the fermion mass spectrum is perhaps the most fundamental problem in physics. The ability of superstring models to generate the observed spectrum is the real challenge facing these models. The standard-like models have the advantage that they explain the mass hierarchy of the top quark relative to the lighter quarks and leptons. In this paper I demonstrated that the superstring standard-like model can in principle account for the observed spectrum, including generational mixing. Resolution of the problem of supersymmetry breaking in these models, better understanding of the dynamics of the hidden sector, and explicit calculation of the coefficients of the higher order terms, will improve our ability to obtain quantitative estimates.
Resolving these problems will uniquely determine the singlets VEVs, the hidden sector condensates, and the numerical coefficients of the higher order terms. Thus, yielding a full quantitative confrontation versus the low energy observations. I will come back to the phenomenology extracted from these models in future publications. 
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